Introduction
Influenza is a common infectious disease with a huge disease burden worldwide. It is estimated to be responsible for 250,000-500,000 deaths annually, especially among the elderly. 1 Influenza vaccination prevents influenza infection. Usually, the influenza vaccine is composed of split virions with 2 A strains (A/H1N1 and A/H3N2) and 1 B strain (Victoria or Yamagata lineages). Influenza vaccines are widely used, but concerns regarding vaccine efficacy exist, especially in the elderly. In a meta-analysis published in 2012, the pooled efficacy was 59% in adults aged 18-65 years, and evidence of protection in the elderly was lacking. 2 Low vaccine efficacy leads to inadequate protection, breakthrough infection, and influenza-related morbidity and mortality.
In summary, the efficacy of the current influenza vaccine is not satisfactory.
The human intestine is host to a vast variety of microbes. Probiotics are microorganisms that have beneficial properties for the host and are known to alter the intestinal microflora. 5, 6 Prebiotics are defined as dietary components that stimulate the growth and metabolic activity of probiotics. Synbiotics are the combination of prebiotics and probiotics. Application of prebiotics/probiotics/synbiotics suppresses the growth of pathogenic bacteria and improves the intestinal barrier function, and is widely used in patients with gastrointestinal infections and inflammation. 7, 8 In addition to the beneficial effects on the intestinal tract, probiotics also have immunomodulatory effects by inducing production of protective cytokines and suppressing pro-inflammatory cytokines. [9] [10] [11] [12] Extraintestinal benefits of probiotics include immune regulations in allergic diseases, cardiovascular diseases, and suppression of tumor growth. [13] [14] [15] Adjuvant probiotic use in these diseases is a potential target for future development.
The beneficial properties of immune modulation that follow probiotics consumption may enhance the immune responses to influenza vaccines. [16] [17] [18] [19] [20] Several randomized controlled trials (RCTs) have been conducted to investigate the influence of probiotics on influenza vaccines, but the results were inconsistent and inconclusive. Therefore, we conducted this systematic review and meta-analysis to evaluate the impacts of prebiotics/probiotics/synbiotics on immune responses after influenza vaccination.
Materials and methods study design and study selection
This study was approved by the Ethics Committees of MacKay Memorial Hospital, Taiwan (IRB No: 16MMHIS174e) and conducted in accordance with the Preferred Reporting Items for Systematic Review and Meta-Analysis Protocols guidelines. 21 We systematically searched for all relevant articles in the following online databases: Embase, PubMed, the Cochrane Library, the Cumulative Index to Nursing and Allied Health, the Airiti Library, and the PerioPath Index to the Taiwan Periodical Literature in Taiwan, from the earliest record to July 2017. The Cochrane Collaboration Central Register of Controlled Clinical Trials, Cochrane Systematic Reviews, and ClinicalTrials.gov were manually searched for additional references. The key terms used for the search were "influenza vaccine", "probiotics", "prebiotics", and "synbiotics". Keywords were combined using Boolean searches and the search was made using keywords, Boolean operators, and MeSH descriptor. The detailed search strategy is enclosed as Box S1. Two authors (P-CS and S-JL) conducted the search independently, and disagreements were resolved through discussion with the third author (W-TL).
After the initial search, 2 independent reviewers (P-CS and T-LY) assessed the eligibility of each publication. The inclusion criteria of selected RCTs were as follows: 1) studies in adults; 2) inclusion of a control group in the study design; 3) use of influenza vaccination and supplementation of probiotics, prebiotics, or synbiotics in the intervention group; 4) reporting of at least 1 immunological response to influenza vaccination. We excluded the following: 1) articles irrelevant to the topic; 2) duplicate publications; 3) trials of a cross-over study design; and 4) studies in which the control arm received an effective intervention rather than a placebo.
Data extraction and quality assessment
Two authors (W-TL and T-LY) independently evaluated the quality assessment of all eligible articles using the Cochrane Review risk of bias assessment tool. We assessed the adequacy of randomization, allocation concealment, blinding methods, implementation of the intent-to-treat analysis, dropout rate, complete outcome data, selective data reporting, and other biases of each enrolled publication.
The articles were scrutinized, and data regarding study population, influenza vaccine components, protocols of probiotics consumption, details of vaccine immune responses, and adverse effects from the selected studies were extracted. Discrepancies between the 2 independent evaluations for potential articles were resolved through discussion and consensus. The primary outcome was the immunogenicity of influenza vaccination, presented as hemagglutination inhibition (HI) antibody titers. The HI antibody titer equals the maximum dilution capable of inhibiting the agglutination of guinea pig red blood cells, with the influenza viruses under standardized conditions. 22 Other comparative variables included the components of the vaccine and probiotics, the protocols of probiotics consumption, and the serious adverse effects.
Data synthesis and analysis
Immunogenicity data from all the studies were extracted, analyzed, and compared to determine differences in the efficacy of influenza vaccination in the groups receiving prebiotics/ probiotics/synbiotics supplementation and the placebo groups. Due to significant (and expected) heterogeneity
Results

Description of studies and quality assessment
Of the 22 non-duplicate citations identified from the literature, 2 studies were not RCTs and 20 were ultimately assessed for eligibility ( Figure 1 ). Finally, 11 publications with 12 RCTs were included in our qualitative synthesis after critical review (Table 1) . [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] Two trials (a pilot and a confirmatory study) with different patient numbers, treatment protocols, and years of study were published in the same article. 34 Seven studies investigated the effects of probiotics, and five studies investigated the effects of prebiotics. One study investigating synbiotics was excluded, after critical review, for using a different outcome parameter. 37 The included studies were conducted in the USA, France, Japan, and the UK. In total, 780 patients were enrolled in these studies with female predominance (M:F =1:2.1). Five different probiotics and 5 different prebiotics were used in the intervention arm. The trivalent inactivated influenza vaccines (TIV) were used in most studies (10/12) . Most of the included studies had a low bias, as shown by our quality assessment using the Cochrane assessment tool. The detailed quality assessment of each included study is shown in Table S1 .
Data synthesis and meta-analysis
Ultimately, 688 patients were enrolled in our meta-analysis. By comparing the HI titers of strain A/H1N1 after influenza vaccination, we found a significantly higher HI titers in the probiotics/prebiotics group (42.89 vs 35.76, mean difference =7.14, 95% CI =2.73, 11.55, P,0.001, I
2 =96%) ( Figure 2 
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Prebiotics or probiotics supplementation with influenza vaccination (Figure 4 ). The percentages of increases were 20% (A/H1N1), 19.5% (A/H3N2), and 13.6% (B strain); the mean HI antibody titers are summarized in Table 2 . Subgroup analysis of prebiotics and probiotics showed similar results. The heterogeneity was high in all analyses. We found no significant differences in serious adverse effects in either arm ( Figure 5 ). The funnel plots were also assessed ( Figures S1-S3 ).
Discussion
Our systematic review and meta-analysis support the beneficial effects of prebiotic/probiotic supplementation on humoral responses to influenza vaccination. We found that supplementation with pre-or probiotics enhanced the HI titers in all A/H1N1, A/H3N2, and B strains (20%, 19.5%, and 13.6% increases in HI antibody titers, respectively). Concomitant prebiotics/probiotics supplementation potentially improved the protection of influenza vaccination and decreased the subsequent risk of influenza-related morbidity and mortality. However, high heterogeneity was noted and further studies are warranted to consolidate this suggestion. 
Subtotal (95% CI)
Total (95% CI)
Study or subgroup Probiotics Prebiotics
Maruyama et al 26 Akatsu et al (paper) 30 Boge et al (confirmed) 34 Boge et al (pilot) 34 Namba et al 33 Davidson et al 32 Akatsu et al (letter) 30 
Subtotal (95% CI)
Langkamp-Henken et al 36 Langkamp-Henken et al 35 Nagafuchi et al 28 Lomax et al 29 Akatsu et al 27 
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Prebiotics or probiotics supplementation with influenza vaccination
Influenza is highly contagious and virulent. Despite widespread use of influenza vaccination, it remains an important health threat. Currently, the effectiveness of influenza vaccination is not satisfactory and multiple factors contribute to the low effectiveness, including antigen drift, season mismatch, and manufacture technique limitations. 2, 38, 39 Elderly individuals have both the highest burden of disease and the lowest immune responses to vaccination. [40] [41] [42] The protection rate may be as low as 30% in elderly people after vaccination and little evidence is found supporting the benefits of influenza vaccination in the elderly. 40, 41 Immunosenescence, gradual deterioration of the immune system brought on by natural aging, also plays an important role in the hyporesponsiveness of influenza vaccination. 43 Poorer nutritional status and higher rates of comorbid diseases are also important reasons for the nearly inevitable weak immune responses after vaccination in the elderly. 44, 45 The TIV with high doses (4× the standard dose) induced significantly higher antibody responses in elderly people, but are not widely used.
3 Supplementation with prebiotics/probiotics may provide a simple, convenient, and practical solution. [16] [17] [18] 20, 46, 47 Besides, probiotics consumption may have beneficial effects in preventing respiratory tract infections and influenza-related illnesses. 48, 49 Our study provided comprehensive evidence that prebiotic/ probiotic use will enhance the HI antibody titer after influenza vaccination. In addition, the immunogenicity of influenza vaccination may be affected by the components of vaccine strains. Compared with A/H1N1 and A/H3N2 strains, poorer antigen immunogenic responses in B strain were reported in previous studies. [50] [51] [52] Our studies also showed relatively lower HI antibody titers in B strain (Table 2) . However, the beneficial effects of prebiotic/probiotic supplementation were observed in all A/H1N1, A/H3N2, and B strains. A 20% (A/H1N1), 19.5% (A/H3N2), and 13.6% (B strain) increase in HI antibody titers was observed in individuals with prebiotics/probiotics use.
Consumption of "good bacteria" could suppress the growth of pathogenic bacteria in the gastrointestinal tract and improve the intestinal barrier function. 6, 7 The use of prebiotics/probiotics in patients with bacterial diarrhea is well known. 8, [53] [54] [55] Probiotics are also used to prevent necrotizing enterocolitis and sepsis in preterm neonates and may also contribute to adjuvant therapy in eradication of Helicobacter pylori. 54, [56] [57] [58] [59] [60] In addition to the beneficial effects in the gastrointestinal tract, systemic immunomodulatory effects, toll-like receptor-mediated pathways, regulatory T cell induction, natural killer cells, soluble proteins, and various cytokines were involved in the probiotic immune regulatory mechanism. 5, [9] [10] [11] [12] 61 Therefore, manipulation of the 
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Yeh et al gut microbiota may benefit patients with systemic diseases, such as allergic diseases. 14 Reduced risks of subsequent cardiovascular diseases and metabolic outcomes were also observed. 15, 62 In a report published in 2016, it was stated that probiotic-modulated gut microbiota may suppress hepatocellular carcinoma growth in mice via regulation of T cell and pro-inflammatory cytokines. 13 The use of prebiotics/ probiotics/synbiotics may hold great promise for preventing and treating many extraintestinal diseases.
Probiotics are "live" bacteria, which help human to fight against pathogenic bacteria. Although the benefits of probiotics in preterm neonates are well documented, safety of probiotics in immunocompromised individuals remains a major concern. [56] [57] [58] Bacteremia caused by probiotics strains was reported in some immunocompromised patients. [63] [64] [65] [66] Elderly people are at increased risk of being immunocompromised and the issue of safety remains important. In our meta-analysis studies, more than half of the participants were bedridden, fed with nasogastric tubes, or nursing home residents; no documented probiotics-related sepsis was reported. [26] [27] [28] 30, 31, 34, 35 Furthermore, in the subgroup analysis of our study, prebiotics were also beneficial for enhancing immune responses after influenza vaccination. Prebiotic use may be a reasonable choice for immunocompromised patients at increased risk for infection.
Our study had some limitations. First, the study design, study participants, and study period were highly heterogeneous. Further large-scale studies are warranted to confirm our findings. Second, the strain, doses, and the duration of prebiotics/probiotics supplementation differed among studies. The immune responses may vary in different supplement protocol. Further studies are required to investigate the optimal strain, dosage, and duration of probiotic consumption. Finally, the components of the influenza vaccine and prevalent influenza strains were different each year. It may be more valuable to explore the effects of probiotics with the same influenza vaccine.
Conclusion
Our study suggests that concomitant prebiotics/probiotics use might be an effective intervention to enhance the HI antibody titer following influenza vaccination (13.6%-20% increases in HI antibody titers). Adjuvant prebiotics/probiotics use may hold great promise for the improvement of immune responses following influenza vaccination. However, high heterogeneity was observed and further studies are warranted to elucidate the effectiveness and decide the optimal strains, dose, timing, and duration of supplementation. a Each domain has been evaluated as being "High", "Low", or "Unclear" regarding the risk of bias following the guidelines of Cochrane Collaboration's tool for assessing risk of bias. "Low" in all domains would place a study at "Low Risk of Bias"; "High" in any of the domains would place a study at "High Risk of Bias"; "Unclear" in any of the domains would place the study at "Unclear Risk of Bias". 
